Detection of new methanol maser transitions associated with G358.93-0.03 by MacLeod, G. C. et al.
MNRAS 000, 1–11 (2019) Preprint 3 October 2019 Compiled using MNRAS LATEX style file v3.0
Detection of new methanol maser transitions associated
with G358.93−0.03
G. C. MacLeod1,2?, K. Sugiyama3, T. R. Hunter4, J. Quick2, W. Baan5,
S. L. Breen6, C. L. Brogan4, R. A. Burns3,7, A. Caratti o Garatti8, X. Chen9,10,
J. O. Chibueze11,12, M. Houde1, J. F. Kaczmarek13, H. Linz14, F. Rajabi15,16,
Y. Saito17, S. Schmidl18, A. M. Sobolev19, B. Stecklum18,
S. P. van den Heever2, and Y. Yonekura17
1The University of Western Ontario, 1151 Richmond Street. London, ON N6A 3K7, Canada
2Hartebeesthoek Radio Astronomy Observatory, PO Box 443, Krugersdorp, 1741, South Africa
3Mizusawa VLBI Observatory, National Astronomical Observatory of Japan (NAOJ), 2-21-1 Osawa, Mitaka, Tokyo 181-8588,
Japan
4NRAO, 520 Edgemont Rd, Charlottesville, VA, 22903, USA
5Netherlands Institute for Radio Astronomy, ASTRON, 7991 PD, Dwingeloo, The Netherlands
6Sydney Institute for Astronomy (SIfA), School of Physics, University of Sydney, NSW 2006, Australia
7 Korea Astronomy and Space Science Institute, 776 Daedeokdae-ro, Yuseong-gu, Daejeon 34055, Republic of Korea
8Dublin Institute for Advanced Studies, Astronomy & Astrophysics Section, 31 Fitzwilliam Place, D02 XF86, Dublin 2, Ireland
9Center for Astrophysics, GuangZhou University, Guangzhou 510006, China
10Shanghai Astronomical Observatory, Chinese Academy of Sciences, 80 Nandan Road, Shanghai, 200030, China
11Space Research Unit, Physics Department, North West University, Potchefstroom 2520, South Africa
12Department of Physics and Astronomy, Faculty of Physical Sciences, University of Nigeria, Carver Building,
1 University Road, 410001, Nsukka, Nigeria
13CSIRO Astronomy and Space Science, CSIRO Parkes Observatory, PO Box 276 Parkes NSW 2870, Australia
14Max Planck Institute for Astronomy, Ko¨nigstuhl 17, 69117 Heidelberg, Germany
15Institute for Quantum Computing and Department of Physics and Astronomy, The University of Waterloo,
200 University Ave. West, Waterloo, Ontario N2L 3G1, Canada
16Perimeter institute for theoretical physics, Waterloo, ON, N2L 2Y5, Canada
17Center for Astronomy, Ibaraki University, 2-1-1 Bunkyo, Mito, Ibaraki 310-8512, Japan
18Thu¨ringer Landessternwarte, Sternwarte 5, 07778 Tautenburg, Germany
19Astronomical Observatory, Institute for Natural Sciences and Mathematics, Ural Federal University, 19 Mira street, Ekaterinburg,
620002, Russia
Accepted 2019 August 22. Received 2019 August 20; in original form 2019 June 23
ABSTRACT
We report the detection of new 12.178, 12.229, 20.347, and 23.121 GHz methanol
masers in the massive star-forming region G358.93−0.03, which are flaring on similarly
short timescales (days) as the 6.668 GHz methanol masers also associated with this
source. The brightest 12.178 GHz channel increased by a factor of over 700 in just 50
days. The masers found in the 12.229 and 20.347 GHz methanol transitions are the
first ever reported and this is only the fourth object to exhibit associated 23.121 GHz
methanol masers. The 12.178 GHz methanol maser emission appears to have a higher
flux density than that of the 6.668 GHz emission, which is unusual. No associated near
infrared flare counterpart was found, suggesting that the energy source of the flare is
deeply embedded.
Key words: masers – stars: formation – stars: protostars – radio lines: ISM – ISM:
molecules – ISM: individual objects: MMB G358.931-0.030
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1 INTRODUCTION
Massive star formation is likely to involve episodic, disk-
mediated bursts of accretion analogous to the FU Ori (Hart-
c© 2019 The Authors
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mann & Kenyon 1996) and EX Ori (Herbig 1977, 1989)
phenomena seen in low mass stars. The outbursts in these
objects can occur over periods from weeks to decades (Au-
dard et al. 2014). The deeply embedded nature of accret-
ing massive protostars impedes observations and hampers
direct investigation of the accretion process. However, re-
cently, masers have emerged as a powerful tool to probe
candidate accretion events. Two high-mass young stellar
objects (HMYSO), NGC 6334I-MM1 (Hunter et al. 2017)
and S255 IR-NIRS3 (Caratti o Garatti et al. 2017), un-
derwent major accretion events; the former found in the
millimetric range and the latter in the infrared. In both
cases 6.668 GHz methanol maser flaring events were discov-
ered serendipitously, but they occurred over time-scales of
months (MacLeod et al. 2018; Fujisawa et al. 2015). At least
in the case of NGC 6334I, several other transitions with de-
tected masers, including from other species, were monitored
and also flared (MacLeod et al. 2018).
As a result of a single-dish maser monitoring program,
Sugiyama et al. (2019) reported a fast flaring event, rising on
a timescale of days, in the 6.668 GHz methanol masers asso-
ciated with the massive star-forming region G358.93−0.03.
But by all measures, G358.93−0.03 was a relatively un-
known and unimpressive massive star-forming region. It was
discovered via its associated 6.668 GHz methanol masers
by Caswell et al. (2010). They detected a maser with
S6.668(peak)=10 Jy at the Local Standard of Rest veloc-
ity vLSR = −15.9 km s−1, after 2006 January 22 and before
2006 March 31; the velocity range of the weak emission
was between −22.0 to −14.5 km s−1. A 12.178 GHz methanol
maser survey by Breen et al. (2012) found no such as-
sociated emission above 0.8 Jy. No hydroxyl masers, e.g.
see Qiao et al. (2014), are reported. Weak water masers
were detected by Titmarsh et al. (2016) where S22GHz ∼
0.7 Jy at vLSR =−21.6 km s−1. Hu et al. (2016) mapped the
6.668 GHz methanol masers of the high mass young stel-
lar object (HMYSO) in 2012; it was only 5 Jy and had the
same velocity extent as originally reported. The masers were
also mapped by Rickert et al. (2019) on 2015 September 09,
who identified three 6.668 GHz methanol maser features at
vLSR = −18, −17, and −16 km s−1 (F6.668 = 1 − 3 Jy) in a
single position.
Millmetre continuum emission from the HMYSO was
reported in the Bolocam Galactic Plane Survey (BGPS) as
source G358.936−0.032 (Rosolowsky et al. 2010) and in the
APEX Telescope Large Area Survey of the Galaxy (AT-
LASGAL) as source J174311.2−295129 (Contreras et al.
2013). Urquhart et al. (2013) reported a flux density of
1.4 Jy at 870 µm. The best estimate of the kinematic dis-
tance and bolometric luminosity range of the region is de-
scribed by Brogan et al. (2019) as 6.75+0.37−0.68 kpc and 5700-
22000 L. These authors present recent Atacama Large Mil-
limeter Telescope (ALMA) and Submillimeter Array (SMA)
data which reveal two hot molecular cores (MM1 and MM3
separated by about 1.′′25), with the richer core exhibiting
unprecedented (sub)millimetre methanol maser emission in-
cluding torsionally excited (vt = 1 and 2) methanol tran-
sitions. They state the brightness temperatures are high
implying these are masers and not thermal emission lines.
The thermal methanol emission toward this core peaks at
−16.5 km s−1 with a linewidth of 3.1 km s−1.
The Maser Monitoring Organisation (M2O), including
its voluntary group of observatories who monitor masers,
was alerted to the rapidly strengthening 6.668 GHz methanol
masers associated with G358.93−0.03 (Sugiyama et al.
2019). Breen et al. (2019) amazingly discovered several
never-before detected methanol maser transitions includ-
ing torsionally excited (vt = 1) methanol transitions. We
present confirmatory 6.668 GHz methanol maser observa-
tions and the results of searches for hydroxyl, formaldehyde,
water, and methanol masers associated with G358.93−0.03
using the Hartebeesthoek Radio Astronomy Observatory
(HartRAO). We also report the discovery of rare 23.121 GHz
methanol masers along with never-before detected masers in
two other methanol transitions.
2 OBSERVATIONS
2.1 Hartebeesthoek Radio Astronomy
Observatory
Observations using the 26 m telescope of Hartebeesthoek Ra-
dio Astronomy Observatory (HartRAO)1 were made in four
receiver bands. The 1.3, 4.5, 5.0, and 18.0 cm receivers are
each dual, left (LCP) and right (RCP), circularly polarised,
cryogenically cooled receivers; the 2.5 cm receiver was un-
cooled. Each receiver and polarisation were calibrated in-
dependently relative to Hydra A and 3C123, assuming the
flux scale of Ott et al. (1994) (Jupiter was also observed
for the 1.3 cm receiver data). The point source sensitivity
(PSS) for the 1.3 and 2.5 cm receivers are 10.5 and 5.8 Jy K−1
per polarisation; for the 4.5, 5.0, and 18.0 cm receivers it is
5.1 Jy K−1 per polarisation. The beamsize of the 1.3, 2.5, 4.5,
5.0, and 18.0 cm receivers are 2.′1, 4.′′0, 7.′0, 7.′5, and 29.′6
respectively. For all receivers, except the 1.3 cm receiver,
observations were completed in frequency switching mode
and a 1.0 MHz bandwidth on the 1024-channel (per polar-
isation) spectrometer. Observations made with the 1.3 cm
receiver employed position switching and a 2.0 MHz band-
width. Also half-power beamwidth pointing correction ob-
servations were completed for all epochs of observation ex-
cept for the 18.0 cm observations. More information for each
receiver and the observing method employed are described
in MacLeod et al. (2018).
The observations performed on 2019 January 21 in-
cluded an attempt to confirm reports of the 6.668 GHz
methanol flare (Sugiyama et al. 2019), and an exploratory
investigation of the 12.178 and 23.121 GHz lines. The veloc-
ity resolution of the 6.668, 12.178, and 23.121 GHz observa-
tions are 0.044, 0.048, and 0.101 km s−1, respectively. Moni-
toring began on 2019 January 25 and at a cadence of one to
three days thereafter. Each monitoring epoch of observation
is comprised of two six-minute observations.
Prompted by our experience with NGC 6334I (MacLeod
et al. 2018), we also searched for associated hydroxyl
(1.665, 1.667, 1.720, 1.612, 4.660, 4.765, 6.031, 6.035,
and 6.049 GHz), formaldehyde (4.830 GHz) and water
(22.235 GHz) masers. The 1.665 GHz OH transition was first
observed on 2019 January 20 and at another seven epochs
with the last on 2019 May 08; the others were observed
between 2019 February 16 and March 25. The 4.830 GHz
1 See http://www.hartrao.ac.za/spectra/ for further information.
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formaldehyde transition was observed only once on 2019
February 17. Hydroxyl and formaldehyde observations were
completed as described in MacLeod et al. (2018).
Encouraged by the detection of new 12.178 GHz masers
and very rare 23.121 GHz masers, we systematically searched
for other new methanol transitions (83) in the available
receivers described above beginning on 2019 March 12.
Two new transitions with detectable masers, 12.229 and
20.347 GHz were discovered on 2019 March 12 with a ve-
locity resolution of 0.048 and 0.115 km s−1 respectively. For
the 20.347 GHz transition we observed using rest frequencies
20.346846 GHz (provided by the Jet Propulsion Laboratory
Pickett et al. (1998)) and 20.346830 GHz (F. J. Lovas, pri-
vate communication and Remijan et al. (2007)). We selected
the latter because the spectra better matched the 6.668 and
12.178 GHz methanol transition spectra. Monitoring of these
transitions began shortly thereafter; results from this mon-
itoring will be reported in a forthcoming paper. Transition
information for each new maser is included in Table 1. In-
formation of the non-detections (81) are listed in Table A1.
The central frequencies observed were chosen predominantly
from the list of transitions from tables made available by
the Jet Propulsion Laboratory (Pickett et al. 1998). Some
were selected from two other sources: the Cologne Database
for Molecular Spectroscopy (CDMS; Mu¨ller et al. 2005) and
from Lovas (2004). The uncertainty in the absolute flux den-
sity for all transitions was less than 6%.
2.2 Tianma Radio Telescope
One service afforded by the M2O is to confirm new
detections using different observatories. The 12.229 GHz
methanol masers were thus observed using the Shanghai
65 m Tianma Radio Telescope (TMRT) on 2019 March 13;
a day after the HartRAO discovery. A cryogenically cooled
Ku-band receiver and digital backend system employing a
32768 channel spectral window yielding a velocity resolu-
tion of ∼0.018 km s−1 was used to obtain a typical rms noise
of ∼0.1 Jy per spectral channel. The beamsize was ∼1.′5. The
uncertainty of the absolute flux density was less than 5 %.
2.3 Australia Telescope Compact Array
Likewise, the Australia Telescope Compact Array (ATCA)
observed this source on 2019 April 11 at the methanol line
frequency of 20.3468300 GHz. The ATCA was in the 750C
array, where only antennas 1, 2, 3 and 4 were available,
resulting in baseline lengths between 153 and 704 m. The
Compact Array Broadband Backend (CABB; Wilson et al.
2011) was configured in CFB 1M−0.5k mode to provide
2 MHz bandwidth with 4096 spectral channels, correspond-
ing to a velocity coverage of 29 km s−1 and 0.007 km s−1
velocity channels. Observations of G 358.931−0.030 were
interspersed with observations of nearby phase calibrator
B 1714−336 every 10 minutes, and the pointing was cor-
rected every ∼50 minutes of observations. PKS B 1253−055
and PKS B 1934−638 were observed for bandpass and pri-
mary flux density calibration, respectively. The observations
were conducted over a period of 6 hours, resulting in a total
integration time of ∼2.5 hours on G 358.931−0.030 and a
synthesised beam of 13.0 × 2.14 arcsec. Data were reduced
using miriad (Sault et al. 1995) following the procedure out-
lined in Breen et al. (2019). First a flux model was fit to
the PKS B1253−055 continuum band data, which was then
bootstrapped to PKS B1934−638 for absolute flux density
calibration. The observations had sufficient parallactic angle
coverage to use B 1741−312 to calculate the leakage solution
and we estimate that the polarisation calibration is accurate
to within ∼ 0.1% of Stokes I. The absolute flux density cal-
ibration is expected to be accurate to within 10 %.
2.4 MPG/ESO 2.2m telescope
Optical and near-infrared (NIR) imaging of G358.93−0.03
was performed employing the seven-channel Gamma-ray
Burst Optical/Near-infrared Detector (GROND; Greiner
et al. 2008), using director’s discretionary time (DDT)
at the MPG/ESO 2.2 m telescope at La Silla (Chile) on
2019 February 08 (Programme number 0103.C-9033(A)).
GROND records imaging data in seven filters (optical: Sloan
g’ r’ i’ z’ , near-infrared: J H Ks) simultaneously. The total
integration time amounts to 38 minutes. Data processing
was performed using the GROND pipeline (Kru¨hler et al.
2008).
3 RESULTS
3.1 Non-detections
We searched a number of transitions of OH (10), H2CO (1),
CH 183 OH (2), and CH3OH (79) in which we found no emis-
sion. The 3σ upper limits are presented in Table A1. The
1.665 GHz OH transition was observed in eight epochs be-
tween 2019 January 20 and May 08 with no detections. The
other 18 cm OH transitions were re-observed in 2019 May,
but we again report no detections.
3.2 Detected methanol and water masers
We present spectra of all of the masers we detected associ-
ated with G358.93−0.03 in Fig. 1. Results of selected veloc-
ity channels of each transition are presented in Table 1. We
confirm the flaring of the 6.668 GHz methanol maser emis-
sion and its fast variation reported by Sugiyama et al. (2019)
in the velocity range from −20.2 to −13.9 km s−1. This ve-
locity extent is commensurate with the original detection of
6.668 GHz methanol masers by Caswell et al. (2010). The
12.178 and 23.121 GHz methanol spectra are similar to the
6.668 GHz methanol maser spectra. Rickert et al. (2019)
mapped the 6.668 GHz emission and determined these spots
were regions of maser activity; we assume here the simi-
lar 12.178 and 23.121 GHz methanol emission also repre-
sent maser emission (more on this below). These 12.178 and
23.121 GHz methanol masers are new detections towards
this source. This is only the fourth object ever detected
as a maser in the 23.121 GHz transition, the others being
W3(OH) & NGC 7538 (Wilson et al. 1984) and NGC 6334I
(Menten & Batrla 1989). For most of the velocity extent of
the spectra we report that F12.178 > F6.668 > F23.121, see the
peaks listed in Table 1.
Early results of our monitoring observations are in-
cluded in Table 1; the flaring continues (MacLeod et al.,
MNRAS 000, 1–11 (2019)
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Figure 1. Selected spectra are plotted for: (a) 6.668 GHz, (b)
12.178 GHz, (c) 12.229 GHz, (d) 20.237 GHz, (e) 23.121 GHz
methanol, and (f) 22.235 GHz water masers associated with
G358.93−0.03.
in preparation). During these observations we find that the
emission in the brightest 6.668 GHz maser velocity channels
increased by factors of between 17 and 66 in 71 d and 49 d
respectively from 2019 January 21. The brightest velocity
channel, vLSR =−17.3 km s−1, for the 12.178 and 23.121 GHz
methanol spectra each increased dramatically by factors of
∼700 and ∼200 in ∼50 d.
The water maser emission appears within the velocity
extent presented in Titmarsh et al. (2016), and we initially
detected it at a similar peak flux density level on 2019 Jan-
uary 26. It remained weak until flaring began between 2019
April 1 and 20; we confirm the onset of flaring reported
by Xi et al. (in preparation). We estimate the water maser
emission rose by a factor of ∼45.
In Fig. 1 we also present the spectra of two
new methanol maser transitions, 12.229 and 20.347 GHz.
These are the first such masers ever detected in these
methanol transitions. The velocity extent of the 12.229 and
20.347 GHz masers are both similar to that for the 6.668 GHz
masers. Their spectra are similar to each other but have
only weak emission, 615 Jy, in the velocity range between
−16 to −16.8 km s−1 (unlike the other methanol transitions
shown here). Our observations of these lines began at about
the time the 6.668 GHz methanol masers were peaking; the
emission rose by factors between 1.1 and 7.0 (clearly lower
limits). In summary, all three transitions are experiencing
significant, contemporaneous, and fast flaring on timescales
of days.
Fortunately, observations of these new transitions were
also made by others in the M2O group. We present the
spectra from the TMRT (12.229 GHz) in Fig. 2 and ATCA
(20.347 GHz) in Fig. 3. The TMRT spectrum at 12.229 GHz
is similar but not identical to that obtained by HartRAO
taken one day earlier. The brightest velocity channels at
vLSR = −17.3 and −15.4 km s−1 in the TMRT observation
are about 25 percent brighter than the interpolated values
between the 2019 March 12 and 14 HartRAO observations.
The difference may be the result of variability and/or dif-
ferences in the calibration of each receiver. There is a slight
velocity shift, ∼ 0.08 km s−1, between the two spectra, possi-
bly the result of slightly different transition frequencies used
at each observatory. We estimate that the minimum bright-
ness temperature for F12.229(peak) = 1500 Jy is ∼1500 K,
more than three times the transition’s lower energy level
(451 K). From the ATCA observations we find the temper-
ature brightness is ∼26000 K at 20.347 GHz. Including the
variability, similarity of the spectrum at different frequen-
cies, and these estimates of the brightness temperature, we
are certain the emission in each transition is maser emission.
At 20.347 GHz we find that the two brightest veloc-
ity channels found in the HartRAO data are ∼1.5 times
that seen in the ATCA spectrum. We made only moderate
pointing and atmospheric corrections, about 15 % each, to
the HartRAO spectrum shown; insufficient to account for
the difference. Our ongoing monitoring observations suggest
this transition peaked on 2019 March 21 and was weakening
through 2019 April 13 thus suggesting the HartRAO flux
density would have been greater on 2019 April 11 when the
ATCA observations were taken. The ATCA observations, in
the given configuration, would have included most of the
extended emission. Barring significant calibration errors, it
is possible 20.347 GHz methanol masers weakened to 2019
April 11 and then rebrightened on 2019 April 13.
The ATCA observations include polarisation informa-
tion of the 20.347 GHz methanol masers, we present this in
Fig. 3. These masers are both circularly (Stokes parame-
ter V) and linearly (Stokes parameters Q and U) polarised.
Maximum polarisation is detected at vLSR =−15.5 km s−1 at
V ∼ 1% and
√
Q2 +U2 ∼ 4%. At vLSR = −17.2 km s−1, the
polarisation measures are less than one percent. This result
is in line with the polarisation reported in Breen et al. (2019)
for several transitions including never-before-detected maser
transitions. Breen et al. (2019) also reported that each of the
new transitions they detected, including 20.347 GHz, were
co-spatial with the 6.668 GHz methanol masers and all are
maser emission sources.
The maxima at vLSR∼−17.3 km s−1 in the 6.668, 12.178,
and 23.121 GHz transitions occurred on or about 2019 March
12 (MJDave = 58554±1.5). We find that for each transition
the brightest red-shifted feature reached a maximum before
the brightest blue-shifted feature (MJD values used are de-
marcated in boldface in Table 1). We determined the average
of these estimated time lags is τ = 22±8 d (the uncertainty
is the standard deviation).
More thorough analysis of our monitoring, and a better
understanding of the evolution of this amazing flare, will be
presented in a follow-up paper once the flare has subsided.
MNRAS 000, 1–11 (2019)
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Figure 2. Spectra of 12.229 GHz methanol masers associated
with G358.93−0.03 are plotted for observations obtained by
TMRT on 2019 March 13 (solid blue line) and by HartRAO, near-
est the TMRT observation, on 2019 March 12 (dashed black line).
Figure 3. (a) Spectra of 20.347 GHz methanol masers associated
with G358.93−0.03 are plotted for observations obtained by the
ATCA on 2019 April 11 (solid blue line) and by HartRAO, nearest
the ATCA observation, on 2019 April 13 (dashed black line). (b)
Linear (solid blue line and circular (dashed red line) polarisation
data from the ATCA observations are plotted.
3.3 Detection of a near-infrared point source
GROND detected an NIR counterpart of the G358.93−0.03
region in the J, H, and Ks bands, and not at shorter
wavelengths. It is known as 2MASS J17431001−2951460
(Geballe et al. 2019) and is also referred to as
VVV J174310.01−295146.12 in the Data Release 2 (Min-
niti et al. 2017) of the VISTA Variable in the Via Lactea
Survey (VVV). While 2MASS did not detect the source in
the H band, the VVV survey reports a detection at this
wavelength, with H-Ks = 3.66 mag, i.e., a very red source.
In fact, a lower resolution K band spectrum obtained with
UKIRT at epoch 2008-08-18 (Geballe et al. 2019) shows a
featureless spectrum with a continuum rising towards longer
wavelengths, indicative of a dust-enshrouded environment.
The absence of any spectral feature precludes conclusions on
its spectral type. In the VVV survey, the object has shown
rapid brightness changes with a 3σ range of 0.4 mag, and a
peak-to-peak variation of 0.79 mag during five years of VVV
Ks-band monitoring. The GROND photometry indicated a
Ks brightness elevated by 0.34 mag with respect to the mean
of 12.23 mag, i.e., within the range of the normal variabil-
ity. Its position, to within 0.′′2, is consistent with the sec-
ondary hot core and dust continuum source MM3 detected
by ALMA, which is located ∼1.′′1 to the southwest of the
main hot core MM1 (cf. Brogan et al. 2019). Image subtrac-
tion of the latest VVV Ks frame (epoch 2015-09-19), after
proper flux scaling and PSF matching, did not reveal any
extended emission that would offer evidence of the existence
of a light echo from an accretion outburst, unlike in the case
of S255IR-NIRS3 (Caratti o Garatti et al. 2017).
3.4 Summary of results
We confirm the fast flaring nature, varying on the
day scale, of the 6.668 GHz masers associated with the
MMYSO G358.93−0.03. We also report the detection of
new 12.178 GHz methanol maser emission, only the fourth
23.121 GHz methanol maser and that F12.178 > F6.668. Re-
markably, we discovered new masers towards this source
in the 12.229 and 20.347 GHz methanol maser transitions.
Observations at TMRT and ATCA confirm the existence
of each, respectively. There appears to be a time lag, τ =
22± 8d, between when the brightest red-shifted (peaked
first) and blue-shifted velocity channels. We report no maser
emission in hydroxyl, formaldehyde and other methanol
transitions. Lastly, we report little variation of the NIR
emission associated with G358.93−0.03 and suggest that
2MASS J17431001−2951460 is not the IR counterpart of
the alleged bursting source.
4 DISCUSSION
4.1 Temporal behaviour
It is not clear if the maser emission in velocity channels
listed in Table 1 are co-propagating or co-spatial. However,
there appears to be a time lag, τ = 22±1 d, between the
two brightest velocity channels, v=−17.4 and −15.8 km s−1,
in each of the transitions. At the near kinematic distance,
Dkin ∼ 6.5 kpc, their maximum estimated separation is ∼
4000± 200 au or 0.′′6 assuming the flare is travelling at the
speed of light and all transitions at the same velocity are
within a few light days of each other. The projected separa-
tion of MM1 and 3 is 1.′′1 (Brogan et al. 2019) while Brogan
et al. and Breen et al. (2019) find the masers are associated
with MM1. It is also possible that the blue-shifted feature
simply has a longer coherent path length and takes longer
to reach its maximum. This argument is supported by the
fact that Fpeak(−17.3) > Fpeak(−15.8). More interferometric
observations are required to aid our interpretation.
The 6.668 GHz methanol maser results here confirm
those reported by Sugiyama et al. (2019). In fact, the flare
in each transition has risen quickly to each velocity channel
maximum, in at most 70 d from the start of observations,
and reached flux density maxima of between F23.121 =60 Jy
MNRAS 000, 1–11 (2019)
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Table 1. Information on the flaring maser transitions associated with G358.93−0.03. We determine, the peak, observation date of peak,
the onset period, and increase factor in the selected velocity channels for each transition. We demarcate in boldface the MJD date where
the flare reaches a maximum in each velocity channel we use to determine the average time lag.
Transition Velocity Extent Velocity Channel Information
Molecule Energy Level Freq. vmin vmax vchan Fpeak MJDpeak Onset Increase
Period Factor
(GHz) ( km s−1) ( km s−1) ( km s−1) (Jy) (+50000) (days)
CH3OH 51 −→ 60 A+ (vt = 0) 6.6681 −20.2 −13.9 −17.4 1156 8553 49 66
−16.3 615 8547 43 50
−15.8 828 8531 25 27
−15.6 589 8573 71 17
CH3OH 20 −→ 3−1 E (vt = 0) 12.1781 −20.5 −13.6 −17.2 1270 8554 50 733.5
−16.3 1256 8546 42 223.4
−15.8 1101 8530 26 35.0
−15.6 816 8546 42 43.6
CH3OH 165 −→ 174 E (vt = 0) 12.2292 −17.9 −15.0 −17.3 1143 8572 16 3.2
−15.5 1344 8557 1 1.1
CH3OH 176 −→ 185 E (vt = 0) 20.3472 −17.8 −14.6 −17.2 136 8590 34 7.0
−15.3 549 8563 7 1.1
CH3OH 92 −→ 101 A+ (vt = 0) 23.1211 −20.2 −14.0 −17.3 105 8556 51 207.2
−16.0 60 8529 24 8.8
−15.6 73 8520 15 7.7
−15.3 102 8568 63 44.9
H2O 61 −→ 52 (F=5 −→ 4, v=0) 22.2351 −20.2 −14.0 −17.4 42 8595 <21 ∼45
1from the catalog of Lovas (2004) and 2from the JPL Line Catalog (Pickett et al. 1998)
to F12.229 =1340 Jy. The fact that they are all occurring in
several transitions strongly supports the hypothesis that
all are amplifying a common background exciting source
and possibly co-propagating. The masers associated with
the HMYSOs S255 IR-NIRS3 (Fujisawa et al. 2015) and
NGC 6334I (MacLeod et al. 2018) also experienced strong
flares and are likely caused by accretion events as reported
by Hunter et al. (2017) and Caratti o Garatti et al. (2017)
respectively. The former was identified via a major increase
in the millimetric dust emission while the latter was found
via its NIR brightening. No evidence for millimetric bright-
nening (Brogan et al. 2019) nor NIR brightening (this work)
has been found during this flare in G358.93−0.03.
4.2 The maser conditions
Class II masers are radiatively pumped (Sobolev & Deguchi
1994; Cragg et al. 2005, and references therein) and found
in the vicinity of HMYSOs (Breen et al. 2013, and refer-
ences therein). An excellent theoretical description of the
methanol molecule and its maser associated transitions is
given in Sobolev et al. (1997) and Cragg et al. (2005). They
predict transitions in which maser emission can occur be-
tween the levels of the highly excited ground state and tor-
sionally excited states of methanol. Searches for several of
these predicted transitions were undertaken (Cragg et al.
2001; Chipman et al. 2016; Ellingsen et al. 2011, and refer-
ences therein) which brought new detections but have shown
that the masers in these transitions are quite rare. Here we
find no maser emission, nor thermal emission, in the Cragg
et al. (2005) predicted methanol transitions at ν = 5.005,
20.171, and 20.909 GHz. Perhaps the flares in these tran-
sitions had already subsided before the respective observa-
tions reported here in early 2019 March, or they did flare
but at flux densities below the detection limits, Fν < 2−4 Jy.
From the 3σ rms values above, we estimate the correspond-
ing brightness temperature upper limits in a hypothetical
1′′ beam for ν = 5 and 20 GHz to be ∼ 105 K and ∼ 104 K,
respectively, easily sufficient for weaker masers to lurk un-
detected by the single dish. Breen et al. (2019) found all
the class II methanol masers they detected were co-spatial,
within 0.′′2, with an absolute positional accuracy of 0.′′4 and
associated with MM1 and the (sub)millimeter masers re-
ported by Brogan et al. (2019).
4.2.1 Known methanol transitions
The conditions under which several class II methanol
transitions are inverted, including the 6.668, 12.178, and
23.121 GHz transitions discussed here, are presented in
Cragg et al. (2005, and references therein). Models in Cragg
et al. (2005) predict that F(12.178) > F(6.668) but only in a
narrow range of conditions, i.e. the specific column density
of methanol is high (Nmeth/∆V > 1014 cm−3 s). In dynamic
regions where the conditions are changing, we might not ex-
pect the conditions for the brighter 12.178 GHz masers to
exist for any significant length of time. This rarity seems
confirmed by Breen et al. (2012) who found that only about
three percent of the 400 detected 6.668 GHz masers had
stronger 12.178 GHz masers. They further suggest it is possi-
ble even these examples are only the result of variability and
non-simultaneous observations. MacLeod et al. (2018) did
find a velocity extent in which F(12.178) > F(6.668) in their
near-simultaneous monitoring observations of NGC 6334I.
Here we report a clear example where the single-dish
spectra of 12.178 GHz is mostly brighter than its 6.668 GHz
counterpart observed within hours of each other. Likewise,
the observations of the other transitions were taken within
hours (or at most a day) of the 6.668 GHz masers.
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4.2.2 New methanol maser transitions
Breen et al. (2019) discovered six new methanol maser tran-
sitions including 6.181 GHz, a transition not included in the
comprehensive list of predicted methanol maser transitions
in Cragg et al. (2005). Here we report two new methanol
maser transitions, 12.229 and 20.347 GHz while searching
86 transitions; neither are included in the list in Cragg
et al. (2005). Not only are these never-before-seen methanol
maser transitions but the former is brighter than all our
other transitions reported here, S12.229(peak) > S12.178(peak)
> S6.668(peak). The latter is also strong, S6.668(peak) >
S20.347(peak) > S23.121(peak). We detected no emission in
ten hydroxyl transitions (nor the single formaldehyde tran-
sition we searched) in any epoch.
A variety of physical conditions can produce transitions
with detectable masers as described in Cragg et al. (2002,
2005). Since these new maser transitions have never been
searched for before, we can only speculate on their rarity. It
is not certain if these are even class II methanol maser transi-
tions. Regardless, the conditions for methanol maser activity
in G358.93−0.03 are possibly very unique. At the very least
to predict a regime in which S12.178(peak) > S6.668(peak)
may also be one in which these other transitions can become
inverted and generate maser emission. As noted above, this
occurs when the specific column density of methanol is high
(Cragg et al. 2005). Such a condition might exist if these
masers are located more deeply in the parental cloud where
the gas and dust densities will be higher. The higher number
density of hydrogen would explain why no hydroxyl masers
were detected; Cragg et al. (2002) propose that for number
densities of hydrogen in the range 105 < nH < 10
8.3 cm3 hy-
droxyl and methanol masers are expected. It is hoped that
these data, and including the monitoring observations, will
avail a better understanding of the variation of the masers
as the flare evolves. We will expand upon this topic in our
follow-up paper where our monitoring results are presented
(MacLeod et al., in preparation).
4.3 An accretion event?
To date there are only two known accretion events that were
accompanied by significant maser flaring and the discovery
of rare masers. Direct evidence of an accretion event was first
reported by Caratti o Garatti et al. (2017) in the HMYSO
S255IR-NIRS3; they presented flaring in the near-infrared
(NIR) and mid-infrared continuum, while Liu et al. (2018)
found submillimeter flaring. Fujisawa et al. (2015) found
an associated 6.668 GHz methanol maser flaring event in
S255IR-NIRS3, which was characterized in detail by Szym-
czak et al. (2018). Hunter et al. (2017) proposed an accretion
event as the progenitor in NGC 6334I from their detection of
a sudden increase in the (sub)millimeter dust emission lumi-
nosity (a factor of ∼ 70). Again this event was accompanied
by major flaring in ten maser transitions of three separate
molecules, including some very rare, e.g. 4.660 GHz OH and
23.121 GHz methanol (MacLeod et al. 2018).
Thus far the masers in each transition associated with
G358.93−0.03 appear to be varying contemporaneously at
similar velocities, see Fig. 1. They have brightened signif-
icantly, by factors of hundreds and in days to weeks, and
some are rare or never-before-detected masers. Dissimilar to
the above two other HMYSOs, this source has no associated
hydroxyl and only weak water maser emission. Perhaps the
energy release during an accretion event is sufficient to en-
ergise the masers here and drive the rapid flaring, but the
transitions with associated masers are a result of the condi-
tions in which the coherent columns of gas reside.
The idea that protostellar luminosity outbursts are as-
sociated with class II methanol masers is supported by mod-
elling that suggests the masers are pumped by infrared ra-
diation (Cragg et al. 2005). However, we did not detect
a NIR flare counterpart and nor did (Brogan et al. 2019)
find evidence of an increase in the dust emission at mil-
limeter wavelengths. Perhaps the exciting source which pro-
vides the pumping IR radiation is deeply embedded, sim-
ilar to NGC 6334I, and its flare had subsided before ob-
servations could be made. Above we find maser modelling
requires higher hydrogen number densities to explain the
masers detected; the relative strengths of masers reported
here may support this argument. Recent simulations (Meyer
et al. 2019) indicate that during the early stages of HMYSO
evolution, bursts often come in groups of successive events
occurring sequentially. However, as HMYSO growth con-
tinues, the progression in envelope consumption/dispersal
will eventually suppress the gravitational disk instability
(Vorobyov & Basu 2015). Thus, NGC 6334I-type accretion
bursts are expected to be more frequent than those resem-
bling that of S255IR-NIRS3. If this amazing flaring event in
G358.93−0.03 is the result of accretion onto the HMYSO,
then it is the first to be detected solely by maser monitoring.
It is difficult to explain the cause of these very fast,
strong methanol masers and at these new transitions. The
possibility of a rapid increase in the maser pumping effi-
ciency that is accompanied by only small changes in con-
tinuum emission should be explored akin to the arguments
put forward in Sobolev et al. (1997). Another possibility
might be superradiance as described by Rajabi et al. (2019)
pertaining to the flaring methanol masers associated with
S255IR-NIRS3. It is not clear what best describes the con-
ditions of the maser environment nor this rapid variation
presented here. Further insight will likely be gained through
future analysis of the ongoing single dish light curves, in-
cluding a more accurate determination of time lags, along
with a detailed comparison of the interferometric images of
each transition.
5 SUMMARY AND FUTURE WORK
We confirm that the 6.668 GHz methanol masers associated
with G358.93−0.03 are flaring on a timescale of days as
was found in Sugiyama et al. (2019). We report the de-
tection of new associated 12.178 GHz methanol masers that
are stronger than the associated 6.668 GHz masers. These
masers are accompanied by only the fourth 23.121 GHz
methanol maser and two never-before-detected methanol
masers at 12.229 and 20.347 GHz; this increases the num-
ber of rare methanol maser transitions detected towards
G358.93−0.03. The brightest 12.178 GHz channel increased
by a factor of over 700 in just 50 days. All of the other
transitions also experienced significant flaring activity that
occurred on timescales of days to weeks similar to the asso-
ciated 6.668 GHz masers. We estimate that there is a time
MNRAS 000, 1–11 (2019)
8 G. C. MacLeod et al.
lag, τ = 22±8d, between the two brightest velocity channels.
Lastly, we detect no NIR flare counterpart.
Revealing the cause for this extraordinary flaring activ-
ity is important for the interpretation of class II methanol
flares in general. While it has been shown that these flares
are signposts of accretion bursts, other excitation mecha-
nisms might be at work as well. This enigmatic source will re-
quire interferometric observations and at many transitions,
along with monitoring, to determine its nature.
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APPENDIX A: FREQUENCY SEARCH LIST
We searched transitions of OH (10), H2CO (1), CH
18
3 OH
(2), and CH3OH (79) in which we found no emission. The
results are presented in Table A1.
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Table A1: List of transitions searched for associated masers with G358.93−0.03 but not detected.
Transition Velocity Info. Observation 3σ RMS
Freq. Energy Level Vcoverage Vresolution Date
(GHz) ( km s−1) ( km s−1) (Jy)
Hydroxyl (OH)
1.612231011 N=1− −→ 1+, J=3/2−→3/2, F=1−→ 2 47 0.091 2019 Feb 16 2.0
1.665401841 N=1− −→ 1+, J=3/2−→3/2, F=1−→ 1 45 0.088 2019 Feb 20 5.0
1.667359031 N=1− −→ 1+, J=3/2−→3/2, F=2−→ 2 45 0.088 2019 Feb 17 4.0
1.720529981 N=1− −→ 1+, J=3/2−→3/2, F=2−→ 1 44 0.085 2019 Feb 16 2.0
4.6602421 N=1+ −→ 1−, J=1/2−→1/2, F=0−→ 1 32 0.063 2019 Mar 21 0.5
4.7655621 N=1− −→ 1+, J=1/2−→1/2, F=1−→ 0 32 0.061 2019 Mar 11 1.0
6.0167461 N=2+ −→ 2−, J=5/2−→5/2, F=2−→ 3 25 0.049 2019 Mar 25 1.0
6.0307471 N=2+ −→ 2−, J=5/2−→5/2, F=2−→ 2 24 0.049 2019 Mar 11 4.0
6.0350921 N=2+ −→ 2−, J=5/2−→5/2, F=3−→ 3 24 0.049 2019 Mar 11 4.0
6.0490841 N=2+ −→ 2−, J=5/2−→5/2, F=3−→ 2 24 0.048 2019 Mar 27 1.5
Formaldehyde (H2CO)
4.8296592 1(1,0) −→ 1(1,1), F=2−→ 2 30 0.061 2019 Feb 17 1.0
Methanol (CH 183 OH)
1.6172442 185 −→ 189 A+ (vt= 1 → 0) 45 0.088 2019 May 16 3.0
1.6543422 222 −→ 222 A+ (vt=1) 45 0.088 2019 May 17 3.0
Methanol (CH3OH)
4.7975473 282 −→ 282 A−+, (vt=1) 32 0.061 2019 Mar 14 2.0
4.9129743 352 −→ 351 E (vt=0) 34 0.060 2019 Mar 14 2.0
4.95523 254 −→ 261 A− (vt=0) 34 0.059 2019 Mar 14 2.0
5.0053023 31 −→ 31 A−+ (vt=0) 34 0.058 2019 Mar 12 2.0
5.0913733 71 −→ 71 A−+ (vt=2) 34 0.058 2019 Mar 14 2.0
6.1074933 354 −→ 361 A+ (vt=0) 34 0.048 2019 Mar 14 2.0
6.270833 302 −→ 302 A−+ (vt=1) 34 0.047 2019 Mar 14 2.0
6.3283053 111 −→ 111 A−+ (vt=1) 34 0.046 2019 Mar 15 2.0
6.3357273 3715 −→ 3614 A+− (vt=1 −→ 2) 34 0.046 2019 Mar 14 2.0
6.4292253 194 −→ 183 A+ (vt=2) 34 0.046 2019 Mar 14 2.0
6.5437333 81 −→ 81 A−+ (vt=2) 34 0.045 2019 Mar 14 2.0
6.7451233 253 −→ 253 A−+ (vt=0) 34 0.043 2019 Mar 14 3.0
6.7587723 364 −→ 364 A+− (vt=0) 34 0.043 2019 Mar 15 3.0
6.7853033 285 −→ 289 A+ (vt=1 −→ 0) 34 0.043 2019 Mar 15 3.0
8.1764053 91 −→ 91 A−+ (vt=2) 34 0.036 2019 Mar 14 2.0
8.2541643 374 −→ 374 A+− (vt=0) 34 0.036 2019 Mar 14 2.0
8.341593 41 −→ 41 A−+ (vt=0) 34 0.036 2019 Mar 12 1.0
8.4657563 263 −→ 263 A−+ (vt=0) 34 0.035 2019 Mar 14 2.0
8.4674213 62 −→ 5−1 E (vt=1) 34 0.035 2019 Mar 14 2.0
8.5110713 38102 −→ 37103 E (vt=1) 34 0.034 2019 Mar 14 2.0
8.5234643 294 −→ 281 A+ (vt=1) 34 0.034 2019 Mar 14 2.0
8.6556093 172 −→ 172 A+− (vt=0) 34 0.034 2019 Mar 14 2.0
8.7106223 131 −→ 131 A−+ (vt=1) 34 0.034 2019 Mar 14 2.0
8.7241443 4013 −→ 3914 E (vt=2) 34 0.034 2019 Mar 14 2.0
8.8450183 155 −→ 147 E (vt=2) 35 0.033 2019 Mar 14 2.0
8.8564253 264 −→ 275 A− (vt=1) 34 0.033 2019 Mar 14 2.0
8.8595493 264 −→ 275 A+ (vt=1) 34 0.033 2019 Mar 14 2.0
11.8424853 322 −→ 321 E (vt=0) 34 0.049 2019 Mar 14 2.0
11.9640073 3316 −→ 3413 E (vt=0 −→ 1) 35 0.049 2019 Mar 14 4.0
11.9808993 111 −→ 111 A−+ (vt=2) 34 0.049 2019 Mar 14 3.0
12.0587173 394 −→ 394 A+− (vt=0) 34 0.049 2019 Mar 14 3.0
12.3293483 165 −→ 174 E (vt=0) 34 0.048 2019 Mar 14 2.0
12.3477392 255 −→ 246 A+ (vt=0) 34 0.047 2019 Mar 14 3.0
12.3512 255 −→ 246 A− (vt=0) 34 0.047 2019 Mar 14 3.0
19.96739611 21 −→ 30 E (vt=0) 60 0.117 2019 Mar 08 4.0
20.1712053 111 −→ 102 A+ (vt=0) 59 0.116 2019 Mar 04 4.0
20.1823583 225 −→ 229 A+ (vt=1 −→ 0) 59 0.116 2019 Mar 17 3.0
20.2044413 39−2 −→ 40−5 E (vt=2 −→ 1) 59 0.116 2019 Mar 17 2.0
Continued on next page
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Table A1 – Continued from previous page
Velocity Info. Observation Upper limit
Frequency Transition Vcoverage Vresolution Date 3σ RMS
(GHz) ( km s−1) ( km s−1) (Jy)
20.4078493 113 −→ 101 A+ (vt=2) 59 0.116 2019 Mar 16 4.0
20.9088173 16−4 −→ 15−5 E (vt=0) 57 0.112 2019 Mar 12 3.0
21.1467473 82 −→ 73 E (vt=1) 56 0.111 2019 Mar 17 3.0
21.1690823 189 −→ 1910 E (vt=2) 56 0.111 2019 Mar 17 2.0
21.1843783 24−4 −→ 25−2 E (vt=0) 56 0.111 2019 Mar 16 3.0
21.264723 153 −→ 161 A+ (vt=0) 56 0.110 2019 Mar 16 3.0
21.2816163 1916 −→ 1818 E (vt=1 −→ 0) 56 0.110 2019 Mar 16 3.0
21.2952993 3115 −→ 3018 E (vt=2 −→ 1) 56 0.110 2019 Mar 18 2.0
21.3268893 10−9 −→ 11−8 E (vt=2) 56 0.110 2019 Mar 18 3.0
21.4433453 136 −→ 123 E (vt=1 −→ 2) 56 0.109 2019 Mar 18 6.0
21.6922613 364 −→ 37−3 E (vt=1) 55 0.109 2019 Mar 18 2.0
21.7270153 335 −→ 339 A+ (vt=1 −→ 0) 55 0.108 2019 Mar 18 2.0
21.8442443 280 −→ 27−2 E (vt=1) 55 0.107 2019 Mar 18 3.0
21.8881753 211 −→ 212 A−+ (vt=1) 55 0.107 2019 Mar 18 2.0
21.9320583 192 −→ 184 A− (vt=0) 54 0.107 2019 Mar 18 3.0
22.0190943 113 −→ 105 A+ (vt=1) 54 0.106 2019 Mar 18 3.0
22.1116873 25−5 −→ 26−3 E (vt=0) 54 0.106 2019 Mar 18 4.0
22.2000553 3217 −→ 3119 A+− (vt=1 −→ 0) 54 0.106 2019 Mar 18 3.0
22.30123 31101 −→ 30103 E (vt=2) 54 0.105 2019 Mar 18 3.0
22.3133543 5−3 −→ 63 E (vt=0) 54 0.105 2019 Mar 12 3.0
22.3653383 3410 −→ 3510 E (vt=2 −→ 1) 54 0.105 2019 Mar 18 3.0
22.6442492 215 −→ 219 A+ (vt=1 −→ 0) 53 0.103 2019 Mar 18 4.0
22.7560663 222 −→ 23−1 E (vt=2) 52 0.103 2019 Mar 18 4.0
22.8459313 3611 −→ 359 A+− (vt=0 −→ 1) 52 0.103 2019 Mar 18 4.0
22.8807973 152 −→ 160 A+ (vt=0) 52 0.103 2019 Mar 18 3.0
22.8955923 100 −→ 9−3 E (vt=1) 52 0.103 2019 Mar 18 3.0
23.0296653 3019 −→ 3117 A+− (vt=0 −→ 1) 52 0.103 2019 Mar 18 4.0
23.181413 313 −→ 313 A−+ (vt=0) 52 0.101 2019 Mar 18 5.0
23.2002833 222 −→ 222 A+− (vt=0) 52 0.101 2019 Mar 18 3.0
23.3468793 71 −→ 71 A−+ (vt=0) 52 0.100 2019 Mar 17 4.0
23.387213 103 −→ 111 E (vt=0) 51 0.100 2019 Mar 12 4.0
23.7792323 276 −→ 288 E (vt=1 −→ 0) 51 0.099 2019 Mar 18 6.0
23.837183 138 −→ 145 A+ (vt=2) 50 0.098 2019 Mar 18 7.0
23.9037633 29103 −→ 30101 E (vt=2) 50 0.098 2019 Mar 18 5.0
23.9321913 221 −→ 221 A−+ (vt=1) 50 0.098 2019 Mar 18 4.0
24.0133683 237 −→ 228 A+ (vt=1) 50 0.097 2019 Mar 18 6.0
24.1259633 345 −→ 338 E (vt=2 −→ 1) 50 0.097 2019 Mar 18 7.0
24.1536113 30106 −→ 29107 E (vt=1) 50 0.097 2019 Mar 18 10.0
24.2185543 155 −→ 148 A+ (vt=2) 50 0.097 2019 Mar 18 5.0
1from Lovas (2004), 2from the CDMS (Mu¨ller et al. 2005), 3from the JPL (Pickett et al. 1998), 4from Cragg et al. (2005)
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